Activation of the CB2 receptor is apparently an endogenous protective mechanism. Thus, it restrains inflammation and protects the skeleton against age-related bone loss. However, the endogenous cannabinoids, as well as Δ 9 -tetrahydrocannabinol, the main plant psychoactive constituent, activate both cannabinoid receptors, CB1 and CB2. HU-308 was among the first synthetic, selective CB2 agonists. HU-308 is antiosteoporotic and antiinflammatory. Here we show that the HU-308 enantiomer, designated HU-433, is 3-4 orders of magnitude more potent in osteoblast proliferation and osteoclast differentiation culture systems, as well as in mouse models, for the rescue of ovariectomy-induced bone loss and ear inflammation. HU-433 retains the HU-308 specificity for CB2, as shown by its failure to bind to the CB1 cannabinoid receptor, and has no activity in CB2-deficient cells and animals. Surprisingly, the CB2 binding affinity of T he CB2 cannabinoid receptor functions as an endogenous protective entity (1). Thus, it is an important regulator of bone mass and inflammation. It represents a therapeutic target that avoids the undesired psychotropic effects caused by CB1 receptor activation. CB2 is expressed in osteoblasts, the bone-forming cells, and in osteoclasts, the bone-resorbing cells (2). Monocytes/ macrophages, B cells, certain T-cell subtypes, and mast cells also express CB2 (3-7). In the skeleton, activation of CB2 favors bone formation over resorption, thus protecting the skeleton against agerelated bone loss. Inflammatory responses are restrained by CB2 agonists in several instances such as hepatic ischemia-reperfusion injury (8), uveitis (9), and contact dermatitis (10). With their terpene and resorcinol-derived moieties, some synthetic CB2 agonists, such as HU-308 (10), JWH-133 (11), and HU-910 (12), structurally resemble the phytocannabinoids Δ 9 -tetrahydrocannabinol and cannabidiol. Other, non-phytocannabinoid-type agonists have been also reported (13). HU-308 was one of the first fully characterized, highly selective, and highly efficacious cannabinoid type-2 agonist (10). It has three chiral centers, namely, at carbon atoms in positions 3, 4, and 6 (Scheme 1). HU-308 has a 3R, 4S, 6S configuration; that of its enantiomer (HU-433) is 3S, 4R, 6R.
Activation of the CB2 receptor is apparently an endogenous protective mechanism. Thus, it restrains inflammation and protects the skeleton against age-related bone loss. However, the endogenous cannabinoids, as well as Δ 9 -tetrahydrocannabinol, the main plant psychoactive constituent, activate both cannabinoid receptors, CB1 and CB2. HU-308 was among the first synthetic, selective CB2 agonists. HU-308 is antiosteoporotic and antiinflammatory. Here we show that the HU-308 enantiomer, designated HU-433, is 3-4 orders of magnitude more potent in osteoblast proliferation and osteoclast differentiation culture systems, as well as in mouse models, for the rescue of ovariectomy-induced bone loss and ear inflammation. HU-433 retains the HU-308 specificity for CB2, as shown by its failure to bind to the CB1 cannabinoid receptor, and has no activity in CB2-deficient cells and animals. Surprisingly, the CB2 binding affinity of HU-433 in terms of [ 3 H]CP55,940 displacement and its effect on [ T he CB2 cannabinoid receptor functions as an endogenous protective entity (1) . Thus, it is an important regulator of bone mass and inflammation. It represents a therapeutic target that avoids the undesired psychotropic effects caused by CB1 receptor activation. CB2 is expressed in osteoblasts, the bone-forming cells, and in osteoclasts, the bone-resorbing cells (2) . Monocytes/ macrophages, B cells, certain T-cell subtypes, and mast cells also express CB2 (3) (4) (5) (6) (7) . In the skeleton, activation of CB2 favors bone formation over resorption, thus protecting the skeleton against agerelated bone loss. Inflammatory responses are restrained by CB2 agonists in several instances such as hepatic ischemia-reperfusion injury (8) , uveitis (9) , and contact dermatitis (10) . With their terpene and resorcinol-derived moieties, some synthetic CB2 agonists, such as HU-308 (10), JWH-133 (11) , and HU-910 (12) , structurally resemble the phytocannabinoids Δ 9 -tetrahydrocannabinol and cannabidiol. Other, non-phytocannabinoid-type agonists have been also reported (13) . HU-308 was one of the first fully characterized, highly selective, and highly efficacious cannabinoid type-2 agonist (10) . It has three chiral centers, namely, at carbon atoms in positions 3, 4, and 6 (Scheme 1). HU-308 has a 3R, 4S, 6S configuration; that of its enantiomer (HU-433) is 3S, 4R, 6R.
In most experiments, the optimal HU-308 mitogenic activity in osteoblasts, as well as its antiosteoclastogenic effect, was obtained by using concentrations in the nanomolar range (2, 14) . Surprisingly, testing a new HU-308 batch, we noticed a 3-to 4-magnitude decrease in the dose that triggers optimal proliferative response in osteoblasts, reasoning that this preparation contained a significant amount of the HU-308 enantiomer, presumably responsible for the enhanced activity. We report here that this enantiomer, designated HU-433, was synthesized and compared with HU-308, and indeed showed markedly enhanced bone-anabolic and antiinflammatory activities, but inferior CB2 receptor binding affinity. Although both enantiomers seem to target the same binding pocket, two different orientations relative to the binding site are possible, leading to different behavior of the two enantiomers due to their different occupancy of these orientations. This observation appears to reflect a situation in which relatively small differences in possible binding conformations of the ligands within the receptor-referred to as poses-lead to significant diminution of receptor-binding properties and a marked increase in biological activity.
Results and Discussion
Selective agonists of enhanced activity and reduced affinity are of interest and importance because they may contribute to the biochemical and pharmacological investigation of individual receptors, as well as serve as drug leads with shorter ligand-receptor
Significance
The significance of the results reported is in two areas. (i) Because the cannabinoid receptor type 2 (CB2) agonists seem to be general protective agents, HU-433, a new specific CB2 agonist, may be of major therapeutic importance. (ii) Enantiomers usually have different activity profiles. We report now that HU-433 and its enantiomer HU-308 are both specific CB2 agonists, but whereas HU-433 is much more potent than HU-308 in the rescue of ovariectomy-induced bone loss and ear inflammation, its binding to the CB2 receptor (through which the activity of both enantiomers takes place) is substantially lower compared with HU-308. This situation questions the usefulness of universal radioligands for comparative binding studies.
interaction and thus more controllable manipulations of the pharmacological action. As a rule, enantiomers do not exhibit the same binding orientation or even bind to the same site. Indeed, one enantiomer of a chiral drug may have a desired beneficial effect, whereas the other may be inactive or cause entirely different effects (15) . Hence, it is not entirely surprising that HU-433 and -308 have different potencies. What is surprising is that this difference is inversely related to their binding affinity.
HU-433 was synthesized following essentially the same synthetic route reported for HU-308 (10), except that the starting material for the preparation of HU-308 was (+)-α-pinene, which was converted to (1S)-(+)-myrtenol, whereas the synthesis of HU-433 started directly from (1R)-(−)-myrtenol (Scheme 2). The optical rotations of HU-308 and -433 are [α] D = +124°and
[α] D = −120°, respectively. In mouse models, the antiosteoporotic and antiinflammatory activity of HU-433 is 1,000-to 10,000-fold higher than that of HU-308 (see below). However, the affinity that HU-433 displays for the human CB2 (hCB2) receptor is 25.7-fold less than the hCB2 receptor affinity displayed by HU-308, a difference that is statistically significant, as indicated by the lack of overlap of the 95% confidence limits of the hCB2 mean K i values of these two compounds (Fig. 1A) . HU-433 also appeared to be less potent and efficacious than HU-308 at activating the hCB2 receptor in the [ 35 S]GTPγS binding assay (Fig. 1B) . However, neither the mean EC 50 nor the mean E max that it displayed in this assay was significantly different from the corresponding EC 50 and E max values of HU-308. Importantly, like HU-308 (10), HU-433 does not bind to CHO cell membranes expressing CB1 (K i > 10,000 nM). Furthermore, at least in ex vivo osteoblast and in vivo inflammatory models, genetic or pharmacological ablation of CB2 completely blocks the HU-433 activity (Figs. 2 A and D and 3B).
Both HU-433 and -308 stimulate osteoblast proliferation, exhibiting a dose-response biphasic effect. However, the peak effect of HU-433 is at 10 −12 M concentration ( Fig. 2 A and C), whereas that of HU-308 is at 10 −9 M (Fig. 2B) [sometimes 10
, presenting a 10 3 -to 10 4 -fold higher potency for HU-433. The activity of either enantiomer is completely absent in CB2 −/− osteoblasts ( Fig. 2 A and B) . Also, the selective CB2 receptor antagonist SR144528, although having no effect by itself, similarly blocks the HU-433 and -308 proliferative activity (Fig. 2 D and  E) . These data indicate that, at least in osteoblasts, the HU-433 activity, like that of HU-308, is critically CB2-dependent.
We recently reported a downstream Gi-protein-Erk1,2-Mapkapk2-CREB-cyclin D1 signaling cascade through CB2 (14) . To assess whether HU-433 activates the same pathway, we tested the effect of the respective Gi-protein and MEK/Erk1,2 blockers pertussis toxin (PTX) and PD98059 (PD) on HU-433 proliferative activity. As in the case of HU-308 (14) , either inhibitor completely blocks the HU-433 effect on osteoblasts (Fig. 2 F and G) . Like HU-308, HU-433 also stimulates Mapkapk2 expression (Fig. 2H) . Together, these findings confirm that HU-433 not only selectively targets CB2, but also elicits at least some of the same biological responses as HU-308, although with a vastly enhanced potency.
HU-308 mitigates ex vivo osteoclastogenesis dose-dependently with a peak effect of ∼40% at 10 −8 M (2). This mitigation occurred consequent to reduced proliferation of osteoclast progenitors and to almost complete inhibition of receptor activated nuclear factor κB ligand (RANKL) expression in bone marrow-derived stromal cells (2) . Here we show that in ex vivo osteoclastogenic cultures, incubated in the presence of macrophage colony-stimulating factor and RANKL, HU-433 reduces the number of osteoclasts identified as tartrate resistant acid phosphatase (TRAP)-positive multinucleated cells. Although the magnitude of this reduction is similar to that induced by HU-308 (2) , it occurs at a 10 3 -fold lower ligand concentration (Fig. 4 A, C, and D). We further show that HU-433 stimulates apoptosis of these cells, increasing the number of ghosts by ∼40% (Fig. 4 B-D) . In an ex vivo assay for degradation of the mineralized extracellular matrix (16), the decrease in osteoclast formation translates into a reduced number of resorption pits (Fig. 4 E, G , and H). Pit area is also reduced (Fig.  4F ). Osteoclast activity is cyclic, and the pit size is critically affected by the number of cycles (17) . Hence, the present reduction in pit area is consistent with the increase in osteoclast apoptosis, which in turn results in shorter duration of the osteoclast activity and decreased number of resorption cycles. Thus, it seems that the two enantiomers restrain bone resorption via distinct mechanisms.
Ovariectomy (OVX)-induced bone loss is the most widely used animal model for osteoporosis. To assess rescue of OVXinduced bone loss by HU-433, animals were left untreated for 6 wk after OVX, followed by a 6-wk daily (5 d/wk) treatment with vehicle or 2, 20, or 200 μg/kg HU-433. Animals administered vehicle showed a ∼55% decrease in bone volume density (BV/TV) compared with sham-OVX HU-433-free controls. Because of the potential therapeutic implications of HU-433 as a bone anabolic agent, and because cannabinoid ligands often show biphasic effects (18), we tested three doses. Indeed, the effect of HU-433 on the trabecular bone microstructure is biphasic, reminiscent of its bell shaped dose-related activity in the osteoblast culture (Fig. 2) . The 20 μg/kg dose completely reversed the OVX-induced decrease in BV/TV ( Fig. 5 A and B) associated primarily with increased trabecular thickness (Fig. 5C ), a higher trabecular number (Fig. 5D ), and higher connectivity (Fig. 5E ). The 2 and 200 μg/kg doses had no effect on the bone microstructural parameters ( Fig. 5 B-D) . However, all three doses similarly increased the level of the serum bone formation marker osteocalcin ( Fig. 5F ), but only the 20 and 200 μg/kg doses inhibited the serum bone resorption surrogate Trap5b (Fig. 5G ). The incomplete correlation between the bone microstructural parameters and serum remodeling markers may be due to the continuous cumulative effect by HU-433 over the 6-wk treatment period, whereas changes in bone remodeling that we detected may reflect its status at Scheme 1. Structures of HU-433 and -308.
Myrtenyl pivalate 4-oxo-myrtenyl pivalate 4-hydroxymyrtenyl pivalate around the time of treatment termination and blood sampling. By comparison, in the same mouse model for osteoporosis, HU-308 at 20 mg/kg per day reversed <50% of the bone loss (19) . Acute edema is one of the inflammatory responses restrained by CB2 activation (20) . Therefore, to evaluate whether the markedly enhanced potency of HU-433 vs. HU-308 is shared by tissues other than bone, we tested HU-433 for antiinflammatory activity in an ear-swelling model, a commonly used test for assessing the antiinflammatory activity of cannabinoid receptor agonists (21) . By using this model, it has been previously reported that a single 50 mg/kg dose of HU-308 causes a ∼50% inhibition of arachidonic acid-induced ear swelling (10, 22) . In the same model, using topically administered xylene as irritant, we show that a single dose of 20 μg/kg HU-433 given before the xylene application inhibits swelling almost to the same extent (Fig. 3A) , representing a 2,500-fold higher potency by HU-433 than by HU-308. This effect was completely prevented by genetic ablation of CB2 (Fig. 3B) . Osteoblasts originate in the stromal cell system (23), whereas osteoclasts and mast cells are hematopoietic (24, 25) . Therefore, the markedly enhanced inhibition of ear swelling, together with the vastly greater effects in osteoblast and osteoclast cultures and on the enhancement of bone mass, portray HU-433 as a highly efficacious and potent CB2 agonist.
We carried out molecular-modeling studies to provide a possible explanation for the discrepancy between the vastly enhanced potency of HU-433 vs. HU-308 and its reduced binding affinity to CB2, in terms of CP55,940 displacement. CB2 belongs to the rhodopsin-like family of seven transmembrane G-proteincoupled receptors (GPCRs) (26, 27) . Therefore, the crystal structure of bovine rhodopsin (26) was used as a template to construct a homology model of CB2. We demonstrate that both enantiomers present similar binding poses, almost perpendicular to the receptor z axis, with the aliphatic chain turning deep into the binding pocket (Fig. 6A) .
The hydrophobic lining of the CB2 binding site usually shares common interactions with both HU-308 and -433. That said, the bicyclic ring of HU-308 is buried deeper in transmembrane domains 3, 6, and 7 compared with the corresponding bicyclic ring of HU-433, which is closer to the extracellular aspect of the cell membrane (Fig.  6A) . In this scenario, the HU-433 hydrophobic interactions are indeed weaker than those of HU-308. In addition, HU-433 seems to have a weaker H-bonding network than HU-308. In particular, the hydroxyl group of HU-433 forms only one H-bond with the backbone carbonyl oxygen of F281, whereas the corresponding hydroxyl group of HU-308 forms two H-bonds with both the backbone carbonyl and the hydroxyl group of S285 (Fig. 6A) . This binding mode explains the lower affinity of HU-433 compared with that of HU-308.
CP55,940 is a nonselective cannabinoid receptor ligand often used as the radioactive competitor in CB2 binding studies (28) . Contrary to the lowest binding pose of HU-433 and -308, the orientation of CP55,940 is almost parallel to the CB2 z axis, with the longest aliphatic chain pointing toward the extracellular aspect and the two rings deeply embedded in the binding pocket (parallel pose). Similar binding modes were found for HU-433 (Fig. 6B ) and, to a lesser extent, for HU-308 (Fig. 6C) . The parallel pose of HU-433 demonstrates hydrophobic interactions similar to those of CP55,940, but has only one H-bond compared with three for CP55,940 (Fig. 6B) . In fact, the score of the parallel pose of HU-433 is only slightly higher than that of its binding pose, and the size of the respective clusters is also similar ( Table S1 ), suggesting that HU-433 may also largely populate the parallel pose. HU-308 cannot occupy the parallel pose due to steric hindrance of the bicyclic ring, but rather a somewhat similar pose (Fig. 6C) . This HU-308 parallel pose undergoes hydrophobic interactions but shares no H-bonds with the binding pocket. Actually, HU-308 has a higher score for its parallel pose than for the binding pose, with overall fewer poses in the respective cluster (Fig. 6C and Table S1 ), suggesting that this pose is considerably less populated by HU-308 than its lowest binding pose. Considering that the parallel pose is mainly adopted by the highly active CP55,940, the difference in occupancy of this pose by the two enantiomers may explain the higher activity of HU-433. Although considerations based on molecular modeling explain the vastly enhanced biological potency of HU-433 vs. HU-308, they do not resolve the weaker HU-433 stimulation of GTPγS binding to CB2 compared with HU-308. It is reasonable to assume that, although the two enantiomers activate the same mitogenic signaling pathway, GTPγS is not associated with this pathway. Indeed, GTPγS seems not to be involved in Erk1,2 activation by G αi -dependent GPCRs (29, 30) . A corollary of this conclusion is that HU-433 has its binding orientation parallel to the CB2 z axis, which favors Erk1,2.
Another factor that can contribute to the differential in vivo activity of the two ligands is the differences in their possible allosteric interactions with CB2 receptors. Fig. 2B shows a very shallow concentration-response curve for HU-308 (over 5 log units), which strongly suggests negative cooperativity, whereas the analogous curve for HU-433 ( Fig. 2A) is much steeper (3 log units) and more compatible with a Hill coefficient of 1.0-i.e., lack of cooperativity. The possibility of allosteric interactions needs to be more thoroughly investigated in further studies.
In conclusion, we present here two enantiomer agonists of the CB2 cannabinoid receptor with different, apparently paradoxical pharmacological properties, one with stronger binding to the receptor and weaker potency and the other with a lower binding affinity and higher potency in several biological assays. Using these enantiomers, the present analyses suggest that the CB2 receptor allows multiple ligand-binding modes-for example, one that favors GTPγS accumulation and another that signals through Erk1,2. This previously unreported situation questions the usefulness of universal radioligands for comparative binding studies because many ligands show inferior binding determinants when tested against structurally nonidentical radioactive competitors. Designing orientation-specific ligands has vast potential for the pharmacological activation of distinct processes.
The high potency of HU-433 in osteoblast proliferation and osteoclast differentiation, as well as its antiinflammatory activity, indicate that it may represent a therapeutically valuable molecule.
Materials and Methods
Synthesis of HU-308 and -433. HU-308 was synthesized as reported (10) . The procedure for preparing HU-433 is summarized in Scheme 2. Myrtenyl pivalate was prepared by reacting pivaloyl chloride with myrtenol in dry pyridine. The product was further reacted with CrO 3 in CH 3 CN and t-BuOOH, and the resulting crude was chromatographed on silica gel to give 4-oxomyrtenyl pivalate that was reduced by NaBH 4 , leading to 4-hydroxymyrtenyl pivalate as colorless oil. This oil was added to a solution of dry pTSA (p-toluene sulfonic acid) and 5-(1,1-dimethylheptyl)resorcinol in dry dichloromethane. The resultant 2-(3-myrtenyl pivalate)-5-(1,1-dimethylheptyl)resorcinol was reacted with methyl iodide to give the methylated 2-(3-myrtenyl pivalate)- ]GTPγS were performed with hCB2 CHO cell membranes, prepared as described (31) . Cells were removed from flasks by scraping, centrifuged at 489 × g, and then frozen as a pellet at −20°C until required. Before use in a radioligand binding assay, cells were defrosted and diluted in Tris binding buffer (radioligand displacement assay, pH = 7) or GTPγS binding buffer ([ BSA, pH 7.4) in a total assay volume of 500 μL, by using the filtration procedure described (31) . Binding was initiated by the addition of hCB2 CHO cell membranes (50 μg of protein per well). All assays were performed at 37°C for 60 min before termination by the addition of ice-cold Tris binding buffer and vacuum filtration by using a 24-well sampling manifold (Brandel Cell Harvester) and Brandel GF/B filters that had been soaked in wash buffer at 4°C for at least 24 h (Brandel, pH = 7). Each reaction well was washed six times with a 1.2-mL aliquot of Tris binding buffer, and filters were oven-dried for 60 min and then placed in 5 mL of scintillation fluid (Ultima Gold XR; PerkinElmer). Radioactivity was quantified by a liquid scintillation counter (Tri-Carb 2800TR; PerkinElmer). Specific binding was defined as the difference between the binding that occurred in the presence and absence of 1 μM unlabeled CP55940. that produced a 50% displacement of radioligand from specific binding sites (IC 50 value) were calculated by using GraphPad Prism (Version 5.0), and the corresponding K i values were calculated by using the equation of Cheng and Prusoff (33) . Mean values for EC 50 and maximal effect (E max ) and SE or 95% confidence limits of these values were calculated by nonlinear regression analysis using the equation for a sigmoid concentration-response curve (GraphPad Prism; Version 5.0). B max and K d values were calculated from data obtained in saturation binding assays (34) , by using a one site-specific binding equation (GraphPad Prism; Version 5.0).
Animals. C57BL/6J mice were used in all experiments. The experimental protocols were approved by the Institutional Animal Care and Use Committee of the Hebrew University of Jerusalem. CB2
−/− mice on C57BL/6J background were kindly provided by Andreas Zimmer (University of Bonn, Bonn) and bred in the Hebrew University animal facility.
Cell Cultures. Newborn mouse calvarial osteoblasts were prepared from 5-dold mice by successive collagenase digestion (35) . The cells were grown to subconfluence in α-MEM supplemented with 10% (vol/vol) FCS and then serum starved for 2 h. Cell counts and/or BrdU incorporation were determined after additional 48-h incubation in α-MEM supplemented with 0.5% BSA and enantiomers (2) . Osteoclastogenic cultures were established from bone marrow-derived monocytes of 10-to 11-wk old mice as reported and grown for 4-5 d in medium containing macrophage-colony-stimulating factor, RANKL (R&D Systems), and enantiomers (36) .
Real-Time RT-PCR. Total RNA was isolated from NeMCO cells and incubated with or without HU-433 by using the TRI Reagent Kit (Molecular Research Center), followed by a phenol-chloroform phase extraction and isopropyl precipitation. The RNeasy kit was used for the purification of the RNA. Real-time RT-PCR analysis for Mapkapk2 was carried out by using RealTime ready Assay ID 3000082 (Mapkapk2) and 307884 (GAPDH) (Roche Diagnostica). Data were normalized to GAPDH and presented as relative quantity vs. 3-h control cultures.
Ear Swelling. Xylene was pipetted to the inner and outer aspect of one external ear. HU-433 or the ethanol-cremophor-saline (1:1:18) vehicle was injected s.c. 24 h before xylene application. Indomethacin, used as a positive control, was given 30 min before the xylene application. PBS was applied to the other ear. Ear thickness was measured by using a Mitutoyo micrometer immediately before as well as 30, 90, and 150 min after xylene or PBS application. Ear swelling was expressed as the difference between the xyleneand PBS-treated ears. Significance was defined as P < 0.05. microcomputed tomography (μCT)/histomorphometric system (2, 37, 38) . Briefly, femoral metaphyses were examined by a μCT system (μCT 40; Scanco Medical AG) at a 20-μm resolution in all three spatial dimensions. After μCT image acquisition, the specimens were embedded undecalcified in Technovit 9100 (Heraeus Kulzer). Longitudinal sections through the midfrontal plane were left unstained for dynamic histomorphometry based on the vital calcein double labeling. To identify osteoclasts, consecutive sections were stained for TRAP. Parameters were determined according to a standardized nomenclature (39) .
Serum Markers of Bone Remodeling. Blood was collected retro-orbitally at the time of killing. Serum osteocalcin was determined by using a two-site enzyme immunoassay (EIA) kit (Biomedical Technologies Inc.). Osteoclast-derived TRAP5b was measured in the same specimens by using an EIA kit (Immunodiagnostic System).
Molecular Modeling. The sequence and domain information of the hCB2 receptor was obtained from SWISS-PROT (accession no. P34972) (40) . The model was generated by using bovine rhodopsin crystal structure as a template, and further refinement of the loops was carried out iteratively by using Modeler (Version 9v9) (41) . The best model chosen had <3.4% residues outside the allowed region of the Ramachandran plot. Validation of the model was done by using available experimental data and previously derived models of CB2 (27, 42) . Optimization of HU-308 (3R, 4S, 6S), HU-433 (3S, 4R, 6R), and CP55,940 was done at B3LYP/6-311G** by using the Gaussian09 software package (43) . These optimized geometries were used as the initial conformations for the docking within Autodock (Version 4) (44). Respective partial charges for the ligands and receptor were calculated according to Gasteiger (45) and Kollman (46) . Charges of nonpolar hydrogen atoms were merged into heavy atoms. The binding site of the protein was detected by the Computed Atlas of Surface Topography of Proteins server (47) and validated with available experimental and theoretical data (26, 27, 48) .
Binding poses were identified by using the Lamarckian Genetic Algorithm. The receptor was treated as rigid, whereas the ligand was allowed torsional flexibility. The centroid of three residues reported important for binding, F117, W258, and W194 (49) , was defined as the grid center that was constructed of 60 × 60 × 60 grid points with a 0.375-Å spacing. The system parameters were set as default, but with 10 7 energy evaluations. Using these parameters, we generated 100 poses with lowest energies. The best scoring and lowest root-mean-square deviation (rmsd) solutions from the resulting 100 poses were clustered into groups, with rmsd values <1.0 Å and considered the predicted binding conformers.
Statistical Analysis. Multiple groups were compared by using ANOVA. When significant differences were indicated by ANOVA, differences between group means were analyzed by using the Student-Newman-Keuls test for pairwise comparisons. A t test was used when two samples were compared.
